INTRODUCTION
Electron microscopy has been used to study the organization of genes on chromosomes: (a) by analyzing substitution, deletion and insertion loops in heteroduplex structures prepared between DNA from related genomes (c.f., 1 ) :
(b) through cross-annealing identified segments oi DNA (such as those present on transducing phages and bacterial F 1 episomes)(c.f., 2 ) , and (c) by hybrid- (7) developed a labeling method using the electron-opaque protein ferritin covalently attached to the tRNA prior to the hybridization step. This technique has proven to be technically demanding.
We have developed an alternative method for attaching ferritin to RNA in an RNA:DNA hybrid. The RNA is covalently attached to the small molecule biotin and is then hybridized to the DNA. The protein avidin is covalently coupled to ferritin. The ferritin-avidin conjugate is then bound to the biotin-RNA:DNA hybrid by means of the strong non-covalent interaction between avidin and biotin.
In the present report we describe the chemical coupling and purification procedures in detail and our studies of the efficiency of electron microscopic mapping, using as a test system, the tRNA y gene on the (J18O psu 3 /<ji80 heteroduplex. The method gives reproducible results with gene labeling efficiencies near 50%. The tRNA genes of HeLa cell mitochondrial DNA have been mapped by this method (8) . A further development of the same basic technique is described in the accompanying paper (9) .
An alternative application of RNA-biotin:avidin technology for mapping genes has been described in a previous publication from this laboratory (10) .
Drosophila ribosomal RNA was coupled to biotin by a different method than the one described here and hybridized in situ to salivary gland chromosomes.
This preparation was then treated with avidin coupled to polymethacrylate spheres; the hybrids with spheres attached could be visualized in the scanning electron microscope.
RATIONALE
The overall reaction scheme is illustrated in Fig Buffers: The buffers used in some of these experiments are indicated by the following abbreviations: 0.1 M NaCl, 0.01 M NaP, 0.001 M EDTA, pH 7.5 (1XSPE); 1M NaCl, 0.01 M NaP, pH 7.0 (HSB); 1M NaCl, 2M urea, 0.01 M NaP, pH 7.0 (HSUB). All phosphate buffers were prepared from NaH 2 POi, with the pH adjusted with NaOH. NHS-bromoacetic acid: The preparation of this ester has been described previously (18) .
Synthesis of tRNA-biotin: E^. coli K12 tRNA at concentrations ranging from 600 ug/ml to 10 mg/ml was incubated for 90 min at 37°C in 2M Tris, pH 8.2 to insure deacylation (19) and was then dialyzed against 0.05 M to 0.1 M sodium acetate, pH 4.7. One tenth volume of 1 M NalOi, freshly dissolved in water was added. After oxidation for 1 hr at 20°C in the dark, the tRNA was dialyzed at 4°C in the dark sequentially against 2 changes of 0.05 M sodium acetate, pH 5.1, 0.1 M NaCl, and two changes of 0.3 M sodium borate, pH 9.0 -9.3 + 0.1 M NaCl. This solution was made 0.4 M in 1,5-dlaminopentane, using a stock of the diamine that had been preadjusted to pH 9.3, and was then incubated for 45-90 min at 20°C in the dark. The resulting Schiff base was reduced with NaBHi, using unlabeled or Preparation of Avidin-Sepharose: Avidin was coupled to Sepharose by a procedure similar to those described previously (20, 21, 22) . Sepharose 4B
(30 um-200 ym beads) was washed free of sodium azide and was deaerated under vacuum. 20 ml of Sepharose slurry was suspended in 20 ml water and adjusted to pH 11 with NaOH. 2-4 gm cyanogen bromide, dissolved in 1-2 ml dioxane, was added dropwise over a 3 min period to the Sepharose with gentle mixing.
In some preparations, the activation was done at 0°C, in others at 20°C; in either case, the reaction was continued for 10 min while maintaining pH sucrose cushion. Ferritin-avidin conjugates and free ferritin were separated from free avldin by two cycles of velocity sedimentation at 36,000 rpm for 7
hr in SW 50.1 rotor at -2°C (or at 40,000 rpm for 4 hr at 0°C).
Hybridization of tRNA-biotin to DNA -the <|>80 psu^ system: Phage stocks were prepared as described previously (7 Heteroduplex molecules were examined to determine whether they had ferritin labels at the appropriate location on the cj>80 PSU3 strand based on previous mapping ( tRNA-biotin conjugates were purified from unmodified tRNA on avidinSepharose columns prewashed to remove uncrosslinked avldin subunits and preloaded with biotin to mask the strong binding sites as described in Experimental Procedures. The recovery of tRNA from these columns is usually about 95%. An example of the elution profile is illustrated in Fig. 2 . In the top panel, the first passage of tRNA-biotin is shown. In this particular preparation, 50% of the A26O bound to the column in 1M NaCl and was eluted in 6M GuHCl, pH 2.5. The bottom panel of Fig. 2 shows that greater than 95% of this material bound on repassage, indicating that the tRNA was not degraded as a result of exposure to the strongly denaturing elution buffer.
Further, the excellent rebinding of the tRNA-biotin conjugates suggests that 20 40 Fraction number Fig. 2 . Affinity chromatography of tRNA-biotin on Avidin-Sepharose. Top: 900 ug (32 nmoles) of tRNA in HSB was loaded on a 5 ml column of avidinSepharose. The total biotin binding capacity of the column was 45 nmoles. Twenty-five ml each of HSB, HSUB and 6 M GuHCl, pH 2.5, were passed through the column. One ml fractions were collected. Bottom: A portion of the material which bound to avidin-Sepharose was rechromatographed on the same column using exactly the same procedure.
it is unlikely that avidin subunits were released during the first pass and became attached to tRNA-biotin.
In one experiment, tRNA-amine was acylated with NHSll+ C-biotin (Sp. act. = 1.4 x 10 7 cpm/ymole). After purification on avidin-Sepharose, the specific activity of the tRNA-biotin conjugates was 6.2 x 10 2 cpm/yg, indicating that the biotin:tRNA ratio was 1.11:1. Assuming that acylation occurred only at the 3' termini and the tRNA was not degraded, this ratio indicates that the tRNA-biotin preparation is quite pure.
In order to check that the tRNA-biotin was not degraded during the derivatization and purification procedures, it was chromatographed on DEAE-cellulose Ferritin-avidin Coupling. Table I 3 . Chromatography of tRNA-biotin on DEAE-cellulose in 7M urea. 360 ug of tRNA-biotin was dissolved in 7M urea, 10 mM Tris, pH 8.0, 0.25M NaCl and loaded on a 2.3 ml column of DEAE-cellulose. The column was developed with a 50 ml gradient from 0.25-0.5 M NaCl. 0.7 ml fractions were collected. Procedures. After liberation of the sulfhydryl groups with DTT, the preparations were dialyzed extensively in oxygen-free buffer and assayed with 14 C-N-ethylmaleimide (see footnote b of Table I for details of assay).
Although the number of sulfhydryl groups added was somewhat variable among different experiments, all preparations were still capable of binding biotin.
In some preparations, no loss of biotin binding was observed (see footnote c, Table I for assay). All of these preparations were able to couple to bromoacetylated ferritin with roughly similar efficiencies.
Modified ferritin and avidin were coupled and purified as described in Experimental Procedures. After the first sucrose gradient sedimentation, 70% of the total biotin binding activity was recovered; the remainder apparently pelleted in insoluble ferritin-avidin aggregates. 65% of the recovered biotin binding activity was associated with the ferritin band in the lower third of the gradient while the remaining 35% was found at the top of the gradient with uncoupled avidin-SH. The fractions containing ferritin were pooled, dialyzed and run on a second identical sucrose gradient and the bio- Fig. 5b . In this experiment, 106 heteroduplexes were scored for labels. Thirty three heteroduplexes contained ferritin bound to the tRNA gene which is located 1200 nucleotides to the right of the substitution junction at the X att site.
One ferritin was judged to be attached nonspecifically. Four ferritins were bound at a position 200 nucleotides to the right of the main peak and, therefore, were not attached to the tRNA ^r gene.
This non-random distribution may or may not reflect some weak interaction between the tRNA and DNA at this point.
Several labeling experiments were performed by three different investigators. The combined data are listed in Table II The concentration tRKA Is assumed to be equal to 1/20 of the mass of tRNA.
(b) X genes labeled * number of labels Qi)(number of heteroduplexes) the hybridization and the labeling efficiency. The concentration of ferritinavidin and the ferritin-avidin:gene ratio were also varied. Only in experiments 4a and 4b (Table II) Reactions and incubations should be performed in the dark. For instance, periodate-oxidized tRNA dialdehyde is sensitive to photooxidation to the carboxylic acid. The alkane diamines appear to be light-sensitive and should be stored in the dark. The tryptophan residues at the active site of avidin are sensitive to photooxidation in the presence of Fe + 3 (12) , which is a perpetual contaminant once avidin and ferritin have been mixed.
The formation of the Schiff base between oxidized tRNA and the diamine must be driven by as large an excess of amine as is practicable. Diamines shorter than C5 do not provide a linker arm long enough to allow biotin to extend sufficiently far from the macromolecule carrier surface to penetrate the avidin binding sites (29) . Diamines longer than about C7 are not sufficiently soluble in water to allow the Schiff base formation to be driven by the necessary concentration excess. Borohydride reduction of the Schiff base presents the opportunity for introduction of a 3'-terminal tritium label from 3 H-NaBH4, allowing the RNA to be traced subsequently during chromatography and the stability of tRNA-biotin:avidin-ferritin conjugates to be measured.
Several side reactions may cleave certain tRNA species during the modification and purification steps. In particular, the NaBH 4 reduction step modifies 7-methylguanosine and dihydrouridine residues so that adjacent phosphodiester linkages are sensitive to cleavage at low pH (30, 31) . HU coli tRNA tyr contains a 7-methylguanosine at position 17 from the 5' end. Cleavage at this point would leave a fragment of tRNA extending 68 nucleotides from the biotin-labeled 3' end. This fragment is of sufficient length to chromatograph and hybridize like intact tRNA in the tests described above. Thus, we do not have a critical test to determine whether the present procedure causes significant cleavage at 7-methylguanosine residues. Periodate oxidation probably converts thiouridine to uridine which is not harmful (32) . Whether or not the reduction by NaBH 4 of di-
hydrouridine (32) is deleterious for the present mapping procedure is not known.
Avidin, and particularly avidin-biotin complexes are extraordinarily stable and can withstand heat, pH extremes (2 -12), urea and 50% formamide (12, 27, 33) . The avidin subunits can be separated and the complexes can be denatured in the presence of 6M GuHCl, pH 2.5 or lower (36, 22) . Subunit renaturation and reassociation and avidin-biotin binding are freely reversible upon removal of the GuHCl as long as thiol reagents (e.g., DTT) are not present during the denaturation of the avidin (35) .
Avidin-biotin complexes are far more stable to subunit dissociation and to denaturation than is free avidin (35) . Thus, before exposure to blotin freshly made avidin-Sepharose must be washed with GuHCl, pH 2.5, to remove avidin subunits which were not covalently cross-linked to the matrix. Avidin subunits retain a substantial affinity for biotin (37, 22) . Avidin and avidin subunits have a spectrum of biotin affinity constants and it is impractical to reverse the tightest binding (22) . Therefore, Sepharose-avidin subunit columns should be exposed first to free biotin to saturate all sites and then eluted with GuHCl, pH 2.5, to free all but the strongest biotin binding sites. These pretreatments will allow good recoveries of tRNA-biotin from the columns and will eliminate any uncrosslinked avidin subunits that might otherwise contaminate the tRNA-biotin upon subsequent elution. AvidinSepharose columns are run in the presence of 1 M NaCl at all times to minimize electrostatic interactions between nucleic acids and the very basic avidin.
Ferritin is a somewhat unstable protein and should be freshly recrystal-lized before use. It does not withstand freezing or exposure to high salt (e.g., 6 M CsCl). We have noticed that it tends to denature upon prolonged exposure to formamide. Extensive treatment with EDTA may cause substantial release of F e + 3 , which may adversely affect avidin (12) , nucleic acids and R-SH + R-Br reactions. The free iron concentration should be minimized by dialysis of ferritin solutions shortly before reaction or conjugation steps.
To insure the absence of apoferritin and unbound avidin, ferritin-avidin preparations should be sedimented through sucrose gradients immediately prior to use. To prevent pelleting the ferritin-avidin, which is then difficult to resuspend, a cushion of 60% sucrose is used at the bottom of the gradient.
The gradient is run at approximately 0 to -2°C to increase its viscosity.
Since labeling of DNA:RNA-biotin should be done at high ferritin-avidin concentrations, it is necessary that ferritin-avidin preparations be absolutely free of unbound avidin. The long incubation opens the possibility for nuclease or protease action and compels care in sterile handling throughout preparation of the sample. With this caveat, the avidin-biotin affinity pair satisfies all requirements for speed and stability of association, for availability of materials, for ease of attachment to a wide variety of macromolecules and solid supports, and for convenient assay. All necessary reactions that might affect the integrity of biological materials can be done between pH 5 and 9 and at temperatures no higher than 37°C in aqueous or compatible mixed solvents.
The reactions are versatile and strategies can be devised and executed in which either avidin or biotin can be coupled to any of the components which must be conjugated. For example, in addition to gene mapping studies, the avidin:biotin linkage has recently been used to enrich the 18s and 28s ribosomal genes (38, 39) and the 5s ribosomal genes from whole Drosophila DNA (9) .
In contrast to a method previously described (7), in which ferritin was conjugated directly to tRNA before its hybridization to DNA, the scheme reported here allows the label to be added to established DNA:tRNA-biotin hybrids. In principle, this should allow more efficient nucleic acid hybridization and higher labeling efficiencies. Furthermore, the ferritin label is added after the hybridization in a nondenaturing solvent which preserves ferritin structure. In practice, the maximum efficiencies of both methods are about 60%, but the ease of handling, the speed and the reproducibllity in the hands of many workers are higher with the avidin-biotin mediated linkage than with the chemical linkage.
It is important to emphasize that the labeling efficiencies achieved here allow analysis only of defined segments of DNA. Specifically, this means that a fixed point or marker is needed from which to map the labeled genes. Such a reference point could be a restriction endonuclease cleavage site, a substitution or deletion loop in a heteroduplex, a secondary structure feature in the DNA or a long duplex region formed by hybridizing specific RNA or DNA probes (8, 40) . When such systems are studied with this technique, it is possible in a single experiment to obtain a gene map with a resolution of several hundred nucleotides.
avidin conjugates with biotin-containing hybrids. Such factors include:
(1) the stability of ferritin (if iron is lost from ferritin during the course of the experiment, then apoferritin-avidin complexes will be produced which are not visible in the electron microscope); (2) the stability of ferritin-avidin conjugates (traces of free avidin or avidin subunits may react faster with tRNA-biotin hybrids than ferritin-avidin does); (3) the purity of the tRNA-biotin preparation; (4) the stability of the tRNA-biotin linkage;
and (5) steric factors which affect the association constants and/or the rates of reaction of ferritin-avidin with biotin-containing hybrids.
We believe that the first three of these factors are not the main cause of the limited labeling efficiency. First, we have used only ferritin-avidin conjugates which have been selected for high density by two cycles of sucrose gradient sedimentation. Second, after the second cycle, we detect less than 0.1% of the total biotin binding activity not associated with ferritin band.
Finally, we have shown that tRNA-biotin derivatives are at least 95% pure by repassage through avidin-Sepharose. These derivatives contain an equimolar ratio of biotin to tRNA. The RNA remains full size or nearly full size during modification.
Earlier experiments have shown that the tRNA-amine linkage is stable to our hybridization conditions (7) . This result is confirmed with tRNA-biotin by the observation that tRNA-biotin first incubated under hybridization conditions binds ferritin-avidin as extensively as unincubated control samples.
Thus, we expect that the tRNA-biotin linkage is stable during our experiments.
Some steric problem which interferes with the avidin reaction might contribute to suboptimal labeling efficiencies. We have found that very high concentrations of ferritin-avidin are required to drive the labeling reaction although much lower concentrations are sufficient to bind unhybridized tRNAbiotin. This observation may be explained by considering the following ideas.
First, tRNA-biotin may have a less favorable association with ferritin-avidin than does free biotin. If the linker bridge between biotin and the macromolecule to which it is coupled is not at least 7 or 8 bonds, the equilibrium constant will increase markedly (36, 29) . Second, while the chemistry used to modify avidin for subsequent reaction with ferritin does not significantly reduce the number of biotin binding sites, the effect on the equilibrium constant is not known. Finally the concentration of avidinrbiotin complex in the spreading solution is very low, about 1 0~n M. Therefore, the conjugate must be exceptionally stable. With equilibrium binding constants much greater than 10" 1 3 M, substantial dissociation would occur in the
